A series of molecular adducts of 2-aminothiazole derivatives ± 2-aminothiazole, 2-amino-2-thiazoline and 2-aminobenzothiazole with the carboxylic-acidsubstituted heterocyclics indole-2-carboxylic acid, N-methylpyrrole-2-carboxylic acid and thiophene-2-carboxylic acid ± have been prepared and characterized using X-ray powder diffraction and in ®ve cases by single-crystal X-ray diffraction methods. These ®ve compounds are the adducts of 2-amino-2-thiazolium with indole-2-carboxylate [(C 3 H 7 N 2 S) + (C 9 H 6 NO 2 )
À ]. All complexes involve proton transfer, as indicated by IR spectroscopy, while the ®ve crystal structures display similar hydrogen-bonding patterns with the dominant interaction being an R 2 2 8 graph set dimer association between carboxylate groups and the amine/heterocyclic nitrogen sites. Futhermore, in each case a subsiduary interaction between an amino proton and a carboxylate oxygen completes a linear hydrogen-bonded chain. In addition to this, the indole-2-carboxylate molecules in the adduct structure with 2-amino-2-thiazolium form associated dimers which add to the hydrogen-bonding network.
Introduction
Aminothiazoles have many applications in both human and veterinary medicine (Metzger, 1979) . The antiviral, antimicrobial and bactericidal properties of 2-aminothiazoles and 2-amino-4-thiazolines have been extensively studied. These compounds exhibit marked antitrichonomal activity, which has been measured quantitatively by the Hansch approach (Kutter et al., 1972) . Their anti-in¯ammatory activity (Nagatomi & Ando, 1984) and antiparasitic action has led to two classes of these compounds being given trade names: Sudoxicam and Nitridazole (or Ambilhar). The ability of aminothiazoles to form proton-transfer complexes was realized when investigations were carried out in order to gain structural information enabling a study of the effect of the amino group on the activity of 2-aminohistamine derivatives (Nardelli et al., 1987) . In all of the compounds studied a cation was formed by the protonation of the ring N atom which, coupled with %-conjugation, makes the juxta-NH 2 group coplanar with the ring. It was found that the biological properties of 2-aminohistamine could be ascribed to the existence, in the H 2 -receptor, of a hydrophilic area which was suitable for receiving the juxta-nuclear NH 2 , rather than for a direct involvement of this group in the amidinic activation. Other studies have shown catalase and cytosolic epoxide hydrolase activity inhibited by hydroxylated metabolites of 2-amino-4,5-diphenylthiazole (Guenthner et al., 1989) , while 2-amino-2-thiazoline is a potential inducer of the reverse transformation of tumour cells (Kubiak & Glowiak, 1984; Kubiak et al., 1983) . The mechanism of anticancer action depends on another important property exhibited by aminothiazoles ± metal±ligand binding. It has been suggested that the aminothiazole binding sites for metal centres (i.e. Zn, Mn, Ni and Cu) in biological systems are mainly the N atoms. The coordination of 2-aminothiazole to the M II ions of Co (Raper et al., 1981 (Raper et al., , 1984 , Zn (Macicek & Davarski, 1993) and Cu (Antsyshkina et al., 1989; Wang et al., 1995) has been studied, and heterocyclic nitrogenbonded, rather than sulfur-bonded, complexes are observed.
A large number of 2-aminothiazole derivatives have pronounced fungicidal activity (Giri & Shukla, 1966) . 2-Bromo-4-aminothiazole derivatives show biological activity against fungus, brown root and plant countail, while 2-aminothiazole has been tested for fungistatic activity on wheat. Another important use, if con®rmed, is that of a nitri®cation inhibitor (Sampei, 1972) . 2-Aminothiazole derivatives are also used as dyeing compounds. Their importance lies in their performance on acetate ®bres where they have an excellent fastness to gas fumes and produce bright blue shades. 2-Aminothiazole is an effective brightener used in copper-plating baths; it inhibits the corrosion of mild steels as well as copper alloys (Al-Hajjar & Al-Khara®, 1988; Desai et al., 1975) and it also improves the adhesive properties of wood to wood glue. A related compound, 2-amino-4-phenylthiazole hydrobromide monohydrate, reduces the corrosion rate of mild steel in 0.1 M HCl (Form et al., 1974) . However, after such an extensive range of studies into the properties and applications of 2-aminothiazoles, there are only eight previously characterized X-ray structures of organic adducts of this compound and its derivatives. These include 2-aminothiazolium trichloroacetate (Kuz'mina & Struchkov, 1984) , N,N-dimethyl-2-(2-amino-5-thiazolyl)ethylamine dipicrate (Nardelli et al., 1987) , (À)-2,6-diamino-4,5,6,7-tetrahydrobenzothiazolium (l)-(+)-tartrate trihydrate (Schneider & Mierau, 1987) , 2-aminobenzothiazole hexamethylphosphoramide (Armstrong, Bennett et al., 1992) , 2-aminobenzothiazole N,N-dimethylpropylene-urea , 2-aminobenzothiazolium 3,5-dinitrobenzoate hydrate, 2-aminobenzothiazole 3-aminobenzoic acid and 2-amino-2-thiazolinium 2-aminobenzoate (Lynch, Smith et al., 1998) . Of these structures, ®ve contain adduct Fig. 1 . Atom-numbering schemes and views of the R 2 2 8 associations for the molecular aggregates in (a) [(2-a2tz) (8) and (e) [(2-abtz)(tca)] (9). Displacement ellipsoids are drawn at the 20% probability level. components with substituted carboxylic acid groups. When adducted with a carboxylic acid, 2-aminothiazole derivatives may form dimers of uncharged molecules across the 2-amino/heterocyclic N site, shown below. Only the 2-aminobenzothiazole 3-aminobenzoic acid adduct structure displays this form; the remaining four carboxylic-acid-based structures, the dipicrate structure, eight other non-bonding metal structures (Antolini et al., 1988; Fernandez et al., 1987 Fernandez et al., , 1996 Kubiak & Glowiak, 1984; Kubiak et al., 1983) and two hydrohalide structures (Form et al., 1974; Rybinov et al., 1989) involve proton transfer to the heterocyclic nitrogen. Thus far no systematic study of the structural aspects of adducts of 2-aminothiazole derivatives with carboxylic acids has been performed. The parent structures of 2-aminothiazole (Caranoni & Reboul, 1982 ) and 2-amino-4-nitrobenzothiazole (Lokaj et al., 1996) have been previously reported.
Three aminothiazole derivatives, 2-aminothiazole (2-atz), 2-amino-2-thiazoline (2-a2tz) and 2-aminobenzothiazole (2-abtz), and three heterocyclic carboxylic acids, indole-2-carboxylic acid (ica), N-methylpyrrole-2-carboxylic acid (mpca) and thiophene-2-carboxylic acid (tca), were used in the preparation of adducts and are listed in Table 1 . All complexes were characterized using the melting point, IR spectroscopy and X-ray powder diffraction techniques. The structures of compounds (4), (5) and (7)±(9) have been determined by single-crystal X-ray diffraction.
Experimental

Preparations
For complexes (1)±(9) all preparations involved re¯uxing equimolar amounts (2.2 mmol) of the component molecules for 20 min at $353 K in 40 cm 3 of 95% ethanol, the product being subsequently obtained by the total evaporation of the solvent at room temperature; experimental results are listed in Table 1 . Adduct formation was identi®ed in each case by X-ray powder diffraction techniques by using a Philips PW1700 System diffractometer (Cu K X-radiation). IR spectra were recorded as pressed discs in KBr on a Nicolet 205 FT-IR spectrometer.
Data collection, structure solution and re®nement
Details of cell data, data collection and re®nement are summarized in Table 2 . In all cases, cell parameters were determined from 25 re¯ections collected across a range 6±14
. Negligible change (<1%) in the intensities of three standards monitored every 200 re¯ections throughout the respective data-collection periods indicated no signi®cant crystal decomposition. Data were corrected for Lorentz and polarization effects. All structures were solved by direct methods and re®ned using SHELX97 (Sheldrick, 1997) . H atoms were mostly located by difference methods and both positional and thermal parameters were re®ned, although the 5-CH 2 (2-a2tz) and N-CH 3 (mpca) protons in (5) and all three tca protons in (9) were included in their respective re®nements at calculated positions as riding models. Final fractional coordinates are presented in Table 3 . PLATON94 (Spek, 1990 ) was used to calculate the hydrogen-bonding interactions listed in Table 4 .²
Results and discussion
Molecular structures of [(2-a2tz)(ica)] (4), [(2-a2tz)(mpca)] (5), [(2-abtz)(ica)] (7), [(2-abtz)(mpca)] (8) and [(2-abtz)(tca)] (9)
The 1:1 adducts all display similar packing arrangements and are all proton-transfer complexes (Fig. 1) . As expected for these systems, the intermolecular associations involve the formation of hydrogen-bonded cyclic dimers [graph set R 2 2 8 ( Etter, 1990) ] via the N21 and N3 sites of the aminothiazolium molecules and the complementary carboxylate groups (distances and angles involved in the hydrogen-bonding interactions are listed in Table 4 ). In each case the packing network is completed by an additional hydrogen-bonding interaction which consists of an association between the second N21 proton and an adjacent carboxylate O atom (cf .  Table 4 ), thus forming hydrogen-bonded polymeric chains throughout the crystal lattice, as shown in Fig. 1 for (8). However, in the structure of (4) an additional indole NÐH interaction is observed where the ica molecules form dimers through a single interaction between the indole NÐH and an adjacent carboxylate O atom [N1BÐH1BÐO22B 2.845 (3) A Ê , /NÐHÐO 156 (3) (Àx, Ày, À z)], as shown in Fig. 2 .³ Because of this, the dihedral angle between the plane of S1A, C2A, ² Supplementary data for this paper are available from the IUCr electronic archives (Reference: HA0177). Services for accessing these data are described at the back of the journal. ³ This con®guration for ica is also seen in the 1:1 adduct with 5-nitroquinoline (Lynch, Mistry et al., 1998) ; comparative NÐHÐO distances and angles for two unique ica molecules are 3.001 (6) A Ê , / 162 (3) and 2.968 (6) A Ê , /149 (3) .
N21A and N3A in the aminothiazole ring (B), and the indole plane is increased [/AÐB 57.3 (2) ] so as to allow the indole moieties to associate. For the other compounds the angle between associated A and B molecules is <30
. In the structure of (4) the torsion angle S1AÐC5AÐC4AÐN3A (for 2-a2tz) is 10.8 (2) . For (5), two CÐHÐO interactions exist from both a pyrrole CÐH and a 2-a2tz alkyl CÐH to the same carboxylate O atom [C4BÐH4BÐO22B 3.384 (3) A Ê , /CÐHÐO 170 (3) (
Similarly, for (5), the torsion angle S1AÐC5AÐ C4AÐN3A is À5.58 (2) . For (7), the indole NÐH does not contribute to the hydrogen-bonding network. A possible reason for this is the presence of a single CÐ HÐO interaction from an aromatic CÐH to the carboxylate O atom [C7BÐH7BÐO22B 3.261 (5) A Ê , /CÐHÐO 130 (3) (2 À x, Ày, 2 À z)] adjacent to the indole NÐH, thus sterically hindering any potential associations. In (9) a single CÐHÐO interaction exists between a benzene proton on the 2-abtz ring and O22B [C7AÐH7AÐO22B 3.233 (5) A Ê , /CÐHÐO 146 (3)
IR spectroscopy
The principal mode of identi®cation of the presence of proton transfer in compounds (1)±(9) is via IR spectroscopy (Williams & Fleming, 1973) . Characteristic peaks which indicate this include medium to broad bands in the 2500±1800 cm À1 region due to N + ÐH stretching frequencies and the presence of strong carboxylate antisymmetric and symmetric stretching frequencies between 1640±1550 and 1420±1300 cm À1 , respectively. Using these identi®ers the spectra recorded for compounds (1)±(9) can be separated into two groups. The ®rst group, containing compounds (1) and (3)±(8), display strong broad absorption peaks between 3500 and 2100 cm À1 and then weak broad bands at $2000± 1700 cm
À1
, due to N + ÐHÐO stretching frequencies. The second group, containing compounds (2) and (9), exhibit lesser intense peaks across the 3500±2700 cm À1 region but then show two broad medium intense bands at 2700±1750 cm À1 , again due to N + ÐHÐO stretching frequencies. The former pattern is usually only observed in proton-transfer adducts of 3-amino-1,2,4-triazole (Lynch, Dougall et al., 1999) , whereas the latter is generally observed in the spectra of both neutral and Criterion for observed re¯ec-tions 0 3 h 3 10 À6 3 h 3 14 0 3 h 3 12 0 3 h 3 6 0 3 h 3 11 0 3 k 3 15 À3 3 k 3 14 0 3 k 3 14 0 3 k 3 23 0 3 k 3 13 À13 3 l 3 12 À9 3 l 3 17 À14 3 l 3 13 À14 3 l 3 14 À14 3 l 3 13 proton-transfer adducts of 2-aminopyridine and 2-aminopyrimidine (Lynch et al., 1994) . In all cases the carboxylate peaks occur towards the higher wavenumber range. One additional identi®er not observed is a medium to weak amine salt (N + ÐH) peak which is usually found between 1610 and 1670 cm À1 . Furthermore, an intense peak at $1680 cm À1 is observed in the spectrum of compound (4) in addition to the antisymmetric peak <1640 cm À1 . Peaks in this region (1700± 1680 cm À1 ) have been previously observed for protontransfer complexes which contain an R 2 2 8 dimer similar to those in this series, but such peaks are yet to be assigned.
Comments on the hydrogen-bonding interactions
To date, the intermolecular non-hydrogen distances involved in the R 2 2 8 interactions observed in one cocrystal of 2-aminopyridine (Lynch et al., 1994) , 23 cocrystals of 2-aminopyrimidine (Lynch et al., 1997) and seven co-crystals of 3-amino-1,2,4-triazole (Lynch, Dougall et al., 1999) have shown that this formation is slightly acentric with the average heterocyclic nitrogen/ carboxylate oxygen distance being $<2.7 A Ê , and the 2-amino nitrogen/carboxylate oxygen distance being slightly longer at $2.9 A Ê . A survey of the equivalent distances for compounds (4), (5), (7)±(9) and other previously known carboxylic acid adducts of 2-aminothiazole derivatives, listed in Table 2 , shows that in this series there is a decreased difference between the relevant non-H atoms in the R 2 2 8 interaction with the two average distances being 2.690 (4) and 2.796 (4) A Ê , respectively, an average difference of $0.1 A Ê . The lesser change, compared with the previous 2-aminoheterocyclic systems, occurs across the 2-amino nitrogen/ carboxylate oxygen distance. There is no correlation between the decrease in this distance and the hydrogenbonding associations involving the second amino proton. In this 2-aminothiazole series the second amino proton preferentially interacts with an adjacent carboxylate O atom, but some exceptions are observed where this proton associates with other hydrogen-bond accepting O or N atoms; the average distance [2.832 (4) A Ê ] being slightly longer than the previously discussed 2-amino nitrogen/carboxylate oxygen distance. This networking interaction is not unique to this series, since nearly all of the above-listed 2-aminoheterocyclic adducts involve the second amino proton in the hydrogen-bonding network. Therefore, the average decrease in the N21ÐO22 distance must be due to the presence of the S atom. In this respect it would be interesting to compare similar distances in adducts of 2-aminooxazoles. Studies involving N3/N21-type receptor sites prove to be useful because intermolecular differences of >0.2 A Ê become signi®cant in biological systems where accuracy is required to less than 0.2 A Ê (Neidle, 1994).
Comments on proton transfer
Proton transfer presents a wide variety of applications in the ®eld of molecular biology. Therefore, it can be considered that the ability of hydrogen-bonding associations to facilitate proton transfer is an important chemical property. Just as the observation of secondharmonic generation from a powder sample can be used as supporting evidence in cases where non-centrosymmetric space groups are found (Kurtz & Perry, 1968) , so too IR spectroscopy can be used as an identi®er of proton-transfer complexes, particularly if the H atoms in a structure are dif®cult to locate. Thus it is always advantageous to have additional IR data when discussing the observation of proton transfer in these types of structures. , 1997) It has been suggested that a molecular description of the interaction of neurotransmitters such as histamine and their receptor binding sites is one of the major goals in pharmaceutical sciences and would also be helpful for the design of new therapeutics. Therefore, it is important to know how histamine interacts with the corresponding receptor binding sites. In this manner the aminothiazoles used in this series serve as useful molecular models. The thiazole N atom, N3, corresponds to the N p nitrogen of the imidazole ring in histamine, which is supposed to interact with a hydrogen-bond donor site. The adjacent amino N atom, N21, corresponds to the N t nitrogen, which is assumed to bind to a hydrogen-bond acceptor site. However, although a general rule governing the protonation of pyridine by carboxylic acids has been established for some time (Johnson & Rumon, 1965) , no such indicator has been proposed for the occurrence of proton transfer in 2-aminopyridine-type complexes. The only 2-aminothiazole derivative adduct incorporating a carboxylic acid, but which is not a proton-transfer complex, is the 1:1 2-aminobenzothiazole 3-aminobenzoic acid adduct, which exhibits two unique pairs of molecules in the asymmetric unit (Lynch, Smith et al., 1998) . This is due to a difference in the hydrogenbonding networks surrounding each molecular pair but, apart from this, there is nothing instantly outstanding in this structure which could explain why either molecular pair are neutral instead of being zwitterionic as in all of the other complexes listed in Table 4 . As previously mentioned, all 3-amino-1,2,4-triazole and 2-aminopyridine adduct complexes involve proton transfer, whereas only four of the 16 2-aminopyrimidine complexes studied involve this process. Table 4 . Distances and corresponding angles associated with the hydrogen-bonding geometries in compounds (4), (5), (7) and (9) 
